ABSTRACT: During one tidal period, measurements of the variation of current velocities, suspended sediment concentration and settling velocities of the suspended matter were carried out on a tidal mud flat 1.8 km west of Ballum Sluse in the northern part of the Lister Dyb tidal basin. The settling velocities have been converted to equivalent settling diameters. Current velocities follow a variation pattern well-known from other parts of the Wadden Sea. Variations in current velocities are responsible for the variation in suspended sediment concentration and thereby indirectly control the equivalent particle sizes, because high suspended sediment concentration favours the formation of flocs. Maximum concentrations of up to 532 mg/1 were recorded at the beginning of the flood period and at the end of the ebb period, when current velocities are high. This is reflected in the median equivalent settling diameters, which show corresponding high values of 83 Bm at the beginning of the flood period and 96 t~m at the end of the ebb period.
I N T R O D U C T I O N M o s t i n v e s t i g a t i o n s in t h e tidal e n v i r o n m e n t d e a l w i t h t h e d y n a m i c s in tidal c h a nnels. In o r d e r to d e s c r i b e t h e tidal v a r i a t i o n in t h e c o n c e n t r a t i o n of s u s p e n d e d s e d i m e n t a n d t h e s e t t l i n g velocities of s u s p e n d e d m a t t e r o n a tidal flat, a t o w e r w a s e r e c t e d o n t h e tidal m u d flat w e s t of t h e m o u t h of a s m a l l D a n i s h river, B r e d e ,~. This site w a s s e l e c t e d b e c a u s e it is l o c a t e d in t h e h i g h t u r b i d i t y z o n e of t h e n o r t h e r n t e r m i n a t i o n of t h e Lister D y b tidal b a s i n .
T h e s e t t l i n g velocities of s u s p e n d e d m a t t e r a r e k n o w n to b e i n c r e a s e d b y flocculation. T h e f o r m a t i o n of flocs is m a i n l y d e p e n d e n t o n t h e c o n c e n t r a t i o n of s u s p e n d e d sedim e n t (Kranck, 1975; Krone, 1978; Burt, 1986; Pejrup, 1988a ), a n d on d i f f e r e n t i a l s e t t l i n g a n d t u r b u l e n c e ( M c C a v e , 1984). Tidal v a r i a t i o n s in c u r r e n t velocities across a tidal flat are r e s p o n s i b l e for t h e v a r i a t i o n in s u s p e n d e d s e d i m e n t c o n c e n t r a t i o n , i n f l u e n c i n g t h e r a t e of f l o c c u l a t i o n a n d t h e size of t h e flocs ( M c C a v e , 1984; Pejrup, 1988b; E d e l v a n g , 1995) . This i n v e s t i g a t i o n w a s c a r r i e d o u t in o r d e r to d e s c r i b e t h e v a r i a t i o n in i n -s i t u s e t t l i n g d i a m e t e r s f o u n d on a tidal m u d flat, b e i n g o n e of t h e sites w h e r e t h e f i n e -g r a i n e d sedim e n t f o u n d in s u s p e n s i o n in this specific tidal e n v i r o n m e n t is d e p o s i t e d . T h e o b j e c t i v e s a r e to a d d to t h e c o m m o n k n o w l e d g e of i n -s i t u p r o c e s s e s c o n c e r n i n g t h e f o r m a t i o n of flocs a n d to link t h e t e m p o r a l tidal v a r i a t i o n to this process. (x) . D e p t h contours of m e a n low tide a n d -5 m are s h o w n STUDY AREA
The Lister Dyb tidal area is located in the northern part of the W a d d e n Sea behind the barrier islands Ramo and Sylt. It is b o u n d on the south by the G e r m a n H i n d e n b u r g D a m and on the north by the Danish Romo Dam.
In the northeastern corner of the Lister Dyb area, at the mouth of the river Brede ~, a tower was erected on the tidal mud flat 1.8 km west of Ballum Sluse on the mainland (Fig. 1) . During normal w e a t h e r conditions, the m a x i m u m water depth at the tower is 1.5 m, the flood period is shortened to 5 h, the ebb period prolonged to 71/2 h as a result of the deformation of the shoaling tidal w a v e as it moves northward through the tidal lagoon.
On 24th May 1993 the weather was calm, c h a n g i n g from overcast in the morning to bright sunshine in the course of the day. Air t e m p e r a t u r e varied b e t w e e n 15~ ~ The tidal flat was c o v e r e d with water for 61/4 h during the investigated tidal period.
M E T H O D S
On 24th May 1993, current velocities, settling velocities and s u s p e n d e d sediment concentrations w e r e measured over one tidal cycle.
Current velocities as well as temperature and salinity w e r e m e a s u r e d continuously using an A a n d e r a a RCM7 current meter positioned 0.3 m above the sea bottom. Furthermore, velocity profiles were m e a s u r e d every half-hour with an Ott C31 current meter with 5 points in each profile: at 0.1, 0.2, 0.3 m above the bottom; at middepth, and at the surface w h e n depths e x c e e d e d 0.4 m. M e a n current velocities were c o m p u t e d from the total n u m b e r of points in the profile. The 3 bottom points were interpolated logarithmically, the top points linearly. M e a n current velocity was d e t e r m i n e d as the depth integral of the m e a s u r e d velocity profile. The velocities c o m p u t e d by this m e t h o d showed good consistency with the velocity 0.3 m above the bottom m e a s u r e d continuously with the A a n d e r a a current meter with a r 2 of 0.57.
In order to describe the relation b e t w e e n current velocities and s u s p e n d e d sediment concentration, the velocities m e a s u r e d continuously 0.3 m above the bottom were s q u a r e d as "The resulting turbulent shear stress has b e e n experimentally o b s e r v e d to be proportional to the square of the time a v e r a g e d velocity," ('r -V2) (Dyer, 1986) . Sternberg (1971) , basing his arguments on investigations in Puget Sound, Washington, stated in the same way that the m e a n bottom velocity m e a s u r e d 1 m above the bottom a g r e e d with experimentally derived competency curves, and therefore used this velocity in his estimates of To.
Water samples were automatically collected every 15 minutes at 0.3 m above the bottom with an ISCO 2700 water sampler to determine the variation of s u s p e n d e d sediment concentration. In-situ settling velocities of the s u s p e n d e d matter were m e a s u r e d at 45-rain intervals 0.3 m above the bottom and 0.2 m below the surface alternatingly, using Braystoke SK 110 settling tubes.
Subsamples from the settling tube analyses w e r e filtered through Millipore C E M filters with a nominal retention of 0.45 13m. Equivalent settling diameters of the samples w e r e c o m p u t e d usin 9 Stoke's law from the m e a s u r e d settling velocities. ISCO samples w e r e filtered through 0.713m W h a t m a n n GF/F filters. The sediment mass was d e t e r m i n e d to _+ 0.1 rag.
RESULTS

Flooding of the tidal flat
The temporal variation in water depth, m e a n d e p t h -a v e r a g e d current velocity, and current velocity at 0.3 m above the bottom are shown in Figure 2 . On 24th M a y 1993 the flood period set in at about 14:00 with the arrival of a 0.1 m high w a v e i n u n d a t i n g the tidal flat. This p h e n o m e n o n has b e e n observed at the beginning of several tidal periods. It is caused by the deformation of the tidal wave. The tidal w a v e r e a c h i n g the shallow tidal flat area at the northern limit of the Lister Dyb area takes the form of a p r o g r a d i n g tidal w a v e which rapidly inundates the flats.
Fifteen minutes later the water depth was 0.3 m, increasing steadily during the rest of the flood period to reach a m a x i m u m depth of 1.2 m at high water slack at 17:15. During the ebb period the water depth d e c r e a s e d steadily, following the variation in the accelerating current velocity draining the tidal flats.
M e a n d e p t h -a v e r a g e d c u r r e n t v e l o c i t y
The temporal variation of the m e a n d e p t h -a v e r a g e d current velocity (Fig. 2) follows the same g e n e r a l trend observed at 0. At the b e g i n n i n g of the flood period, at 14:00, a current velocity of 0.27 m/s was measured on the flat at 0.1 m above the bottom at a water depth of 0.18 m. This is the situation at the very b e g i n n i n g of the flood period at the study site, w h e n the tidal flat is being rapidly flooded by the prograding tidal wave. M e a n depth-averaged current velocities decrease steadily from a m a x i m u m at the very b e g i n n i n g of the flood period to zero at high water slack.
In the ebb period, m e a n depth-averaged current velocities increase steadily and reach m a x i m u m values at about 20:00, shortly before the end of the period, with velocities of up to 0.22 m/s caused by the fast draining of the tidal flat. The above current pattern is well k n o w n from other parts of the Danish W a d d e n Sea (Pejrup, 1988b; Edelvang & Larsen, 1995 Fig. 3 . Salinity a n d t e m p e r a t u r e variation over one tidal cycle S a l i n i t y a n d t e m p e r a t u r e
The temporal variation of salinity and temperature is illustrated in Figure 3 . Salinity increased at the b e g i n n i n g of the flood period from 26.5 to 28.5 within the first hours as a result of the entering tidal wave. Salinity then r e m a i n e d constant throughout the remainder of the flood period and the b e g i n n i n g of the ebb period until it again decreased w h e n being mixed with more brackish water from the inner parts of the tidal lagoon. A m i n i m u m salinity of 20 %o was reached shortly before the tidal flat became totally drained at the end of the ebb period.
Water temperature decreased rapidly at the very b e g i n n i n g of the flood period from 18 ~ to 16.3 ~ u n d e r the influence of the mixing with cold North Sea water entering the area. The m e a n water temperature during the rest of the flood period r e m a i n e d constant. It then increased at the b e g i n n i n g of the ebb period to reach a m a x i m u m value of 19,5 ~ shortly before the tidal flat fell dry.
The rapid increase in water temperature during the ebb period is caused by the water coming from the inner parts of the estuary. Close to the mainland, the level of the tidal flats is higher, leaving them dry for a longer period of time during the flood period. This m e a n s that they have b e e n heated up by the afternoon sun. Once the flats are flooded, the warm surface of the tidal flat transfers heat to the water during the few hours of inundation. (Fig. 4) , it can be seen that s u s p e n d e d sediment concentration is positively correlated with the squared velocity, thus explaining the temporal trend in concentration.
The concentration decreased following the deceleration in current velocity and rem a i n e d low through high water slack into the early stages of the ebb period. This demonstrates that the temporal variation of s u s p e n d e d sediment concentration is governed 
S u s p e n d e d s e d i m e n t c o n c e n t r a t i o n s in t h e s e t t l i n g t u b e s
It is shown that in the settling tubes ( This was true for the bottom samples taken at 14:23, shortly after flooding of the tidal flat had set in, and at 20:30, at m a x i m u m current velocity. The difference b e t w e e n the two sampling methods is probably due to the fact that the settling tube samples are momentary, whereas the ISCO samples were integrated over a period of about one minute, d e p e n d i n g on the suction head. Furthermore, bursting caused by vortices may have an influence on the high concentration m o m e n t a r y samples, as bursting mostly occurs in situations of high turbulence (Dyer, 1986) . E q u i v a l e n t m e d i a n s e t t l i n g d i a m e t e r s of t h e s e d i m e n t M e d i a n settling diameters of the sediment at the surface were very constant at about 20 ~m, following the temporal variation in concentration (Fig. 6) . At the bottom, the settling diameters are also d e p e n d e n t on concentration following the temporal variation in current velocities. M a x i m u m m e d i a n settling diameters of 83 and 96 pm are seen at the b e g i n n i n g of the flood and the end of the ebb period, respectively. At low concentrations, m e d i a n settling diameters at the surface and the bottom are the same.
At the b e g i n n i n g of the flood period, the large m e d i a n settling diameter at the bottom is related to resuspension of sediment deposited during the previous low-water slack giving high suspended sediment concentrations. The rapidly accelerating current at the beginning of the flood phase favours high shear stresses, thus enabling large quantities of sediment to be resuspended. Large single grains are also resuspended, although a large proportion of the resuspended material is thought to consist of fecal pellets from the numerous Hydrobia ulvae feeding on the tidal flat (Lackschewitz, 1995) . This is consistent with results from another investigation in the area (Edelvang & Austen, 1997), showing that high concentrations of fecal pellets from H. ulvae are present around lowwater slack.
An earlier investigation by Bale et al. (1989) concludes that particle diameters are at a maximum during slack water, when concentrations are high and current velocities low. However, Bale's investigation deals with the physical size of the flocs compared to the equivalent floc diameters in the present study, where it is indicated that large, low-density flocs have settling velocities much slower than smaller, more compact flocs formed during turbulent conditions or forming part of fecal pellets. The suggestion in this paper is supported by the fact that Fennessy et al. (1994) , using the INSSEV, observed many large, low-density flocs.
Investigating the estuaries of the rivers Elbe and Dollard using an in-situ camera, Eisma et al. (1994) also found the largest flocs generally around slack. Again the in-situ camera projects the physical size of the flocs, but does not include the density of the suspended matter. However, the investigations agree regarding the relationship between the maximum floc size and the suspended matter concentration as is also shown in the present investigation.
The grain size diagram in Figure 7a shows that at the surface the distribution of the different size fractions is very similar in all the settling tube analyses, whereas there is greater variability in the bottom samples (Figure 7b ). At the surface no sediment is seen to have equivalent settling diameters coarser than 130 ~m (2.95 cb), whereas at the bottom up to 20 % are coarser than this upper limit. This is particularly evident in the samples taken at 14:23 and 20:30 at 0.3 m above the bottom, which have equivalent median settling diameters of 83 and 96 lJm, respectively. They were both collected at high concentration and high current velocity.
DISCUSSION AND CONCLUSIONS
The results of the measurements carried out on 24th May 1993 show that the temporal variation in salinity and temperature is accounted for by tidal variation. Both temperature and salinity are dependent on whether the water passing the station originates from the North Sea or from the inner parts of the tidal lagoon.
Current velocities follow a pattern well known from other parts of the Danish Wadden Sea. The asymmetry of the tidal current velocities is explained by the location of the measuring station at the northernmost limit of the Lister Dyb tidal basin. Current velocities rapidly increase at the beginning of the flood period when the tidal wave reaches the shallow areas. In the ebb phase, maximum velocities are delayed until the end of the period when the tidal flats are being drained. During normal weather conditions, the tidal flats fall completely dry over part of the tidal period.
The temporal trend in suspended sediment concentration is well described by the variation in bottom shear stress expressed as V2 (0. at the beginning of the flood period and at the end of the ebb period, when the squared current velocities are at a maximum. The settling tube analyses show the highest concentrations at the bottom. Here, median settling diameters follow the temporal variation of concentration related to current velocities, thus the highest values are to be found at the beginning of the flood period and at the end of the ebb period. At the surface, the median particle diameters are almost constant, being linked to the small variation in overall concentration levels.
